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ABSTRACT
Effects o f  Tem perature, Strain Rate and Si Content on D ynam ic Strain A geing o f
M odified 9 C r-lM o  Steel
by
Pankaj Kum ar
Dr. A jit K. Roy, Exam ination Com m ittee chair 
Professor o f  M echanical Engineering 
U niversity o f  N evada, Las Vegas
M arten si tic T91 grade steels exhibited a susceptibility to dynam ic strain ageing 
(DSA) by virtue o f  gradually  reduced failure strain (er) and form ation o f  serrations w ithin 
a susceptible tem perature range, irrespective o f  the silicon (Si) content. Since DSA is a 
therm ally-activated process involving diffusion o f  solute elem ents, the effects o f 
tem perature and strain rate have been investigated. The activation energy  associated with 
the diffusion process was gradually enhanced with increasing Si content at com parable 
tem peratures. A m axim um  dislocation density was determ ined at 400°C at which lowest 
Cf was observed in the engineering stress versus engineering strain diagram . The 
resistance to plastic deform ation in term s o f  w ork-hardening index was gradually 
enhanced w ith an increase in tem perature up to 400"C, independent o f  the Si content. The 
presence o f  higher Si content in the T 9 1 grade steels resulted in reduced im pact resistance 
and fracture toughness. Steel containing 2.0 w eight percent Si exhibited predom inantly 
ductile failures under tensile loading at all tested tem peratures. H ow ever, the other 
m aterials show ed a com bination o f  brittle and ductile failures.
in
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C H A PTER  1 
INTRODUCTION
The environm ental concern over nuclear waste m anagem ent presents a form idable 
barrier to increased use o f  nuclear energy for various applications in the United States at 
a tim e when there is global clim atic change and an increased need for energy 
independence. A t present, the w aste that results from nuclear-pow er reactors will take 
m ore than 10,000 years to decay to the natural radioactive levels o f  uranium  ore. The 
nuclear reactors currently operating in the United States are expected to produce more 
than 90,000 m etric tons o f  nuclear waste, thereby exceeding the current statutory disposal 
lim it at the proposed Yucca M ountain repository. Thus, considering a m odest growth in 
the generation o f  electricity using the nuclear heat, the nation needs to construct and 
license additional repositories in the near future  ^' I H ence, alternate avenues m ust 
actively be pursued for disposal o f  spent nuclear fuels (SNF) resulting  from the next 
generation nuclear reactors in a safe but econom ic m anner.
O ne w ay o f  enhancing the efficiency o f  the proposed geologic repository is to 
reduce the radioactivity  o f  SNF resulting from  ongoing utilization o f  the existing nuclear 
pow er plants This approach, known as transm utation, has successfully been 
im plem ented in m any countries in Europe. M ore recently, the United States Departm ent 
o f  Energy (U SD O E) has taken a bold step to utilize the concept o f  transm utation so that 
larger volum e o f  less radioactive SNF could be accom m odated inside the proposed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
repository  for shorter durations. The process o f  transm utation involves transform ation 
o f  highly  radioactive SNF to species w ith shorter half-lives by  changes in the nucleus o f 
radioactive elem ents resulting from natural radioactive decay, nuclear fission, neutron 
capture and other related processes.
The transm utation process, envisioned by USD O E, will enable generation and 
subsequent separation o f  m inor actinides and fission products by projecting p ro ton­
generated neutrons onto SNF at a very high speed. The principle o f  transm utation is 
illustrated in Figure 1. These neutrons will be generated by a process know n as 
spallation, w hich involves bom barding o f  a target m aterial w ith protons from  an 
accelerator. Target m aterials, such as tungsten and m olten lead-bism uth-eutectic  (LBE), 
have been extensively  used in m any European countries. Therefore, at the onset o f  the 
present investigation, m olten LBE was proposed by Los A lam os N ational Laboratory to 
be the prim ary target m aterial in transm utation. D uring the spallation process involving 
m olten LBE, significantly  high tem peratures ranging from  420-550 "C m ay be developed
Thus, m olten LBE can also act as a coolant during this process. O bviously, the m olten 
LBE has to be contained inside a vessel m ade o f  a suitable structural m aterial. Thus, the 
containm ent m aterial has to sustain such elevated tem peratures in the presence o f  m olten 
LBE, which m ay also cause environm ent-assisted degradations o f  th is m aterial.
Even though the m olten LBE was considered by U SD O E to be the prim ary target 
m aterial for transm utation o f  SNF, corrosion studies involving candidate structural 
m aterials could not be perform ed at the U niversity o f  N evada Las V egas (U N LV ) m the 
presence o f  m olten LBE due to the lack o f  proper infrastructures. Therefore, the 
characterization o f  different types o f  environm ental degradations o f  these alloys was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
perform ed at the M aterials Perform ance Laboratory  (M PL) o f  UN LV in an acidic 
solution at am bient and elevated tem peratures. The results o f  corrosion studies in this 
environm ent have already been presented in a recent dissertation involving iron- 
chrom ium -m olybdenum  (Fe-C r-M o) alloys containing different levels o f  silicon (Si). The 
present investigation is prim arily focused on the evaluation o f  the tensile properties o f 
identical structural m aterials at tem peratures ranging from  am bient to 550"C, and 
developing a basic understanding o f  plastic deform ation as functions o f  different 
m etallurgical and experim ental variables.
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Figure 1-1. Seperation o f  Fission Products and M inor Actinides
M artensitic steels containing Cr and M o, such as 9C r-lM o  steels have long been used 
in m any industrial applications, requiring superior corrosion resistance w hile m aintaining 
adequate structural strength 9C r-lM o  steels w ere later m odified by additions o f 
niobium  (Nb) and vanadium  (V) to enhance their tensile strength at elevated
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tem peratures in the presence a o f  m olten metal for specific applications such as liquid- 
m etal-fast-breeder-reactors. These m aterials, also known as T91 grade steels, have 
proved their usefulness in m any nuclear applications due to their excellent neutron 
absorption capability. Sim ultaneously, the presence o f  high Si content in Fe-C r-M o steels 
has already exhibited enhanced corrosion resistance in the presence o f  acidic solutions in 
several investigations recently perform ed at U N LV  Based on these
observations, it was thought that T91 grade steels having different levels o f  Si content 
could provide the desired com bination o f  excellent corrosion resistance and superior 
tensile strength for their efficient utilization in the transm utation process. In view o f  this 
rationale, T91 grade steels with variable Si content were considered to be the suitable 
candidate m aterials for evaluation o f  both corrosion resistance and tensile properties 
under conditions relevant to the transm utation process.
T91 grade steels having high Cr levels have also been used in m any nuclear 
applications such as fusion reactors and fast breeder reactors due to their high stability in 
physical and m echanical properties under irradiation and therm al ageing. The presence of 
high Cr content in these alloys can significantly enhance their structural strength at 
elevated tem peratures, and can result in lower therm al stresses and corrosion rates even in 
the presence o f  a liquid metal. These alloys are com m only used in quenched and 
tem pered conditions, which can lead to the form ation o f  fine-grained tem pered 
m artensitic m icrostructures that m ay provide a com bination o f  excellent tensile  strength 
and ductility. In general, steels containing high C r levels can provide excellent 
hardenability, w hich is beneficial for operations in the tem perature range o f  400-600“C
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that is also sim ilar to the operating tem perature range associated w ith the proposed 
transm utation process involving m olten LBE as the target m aterial.
The presence o f  Si in Fe-Cr-M o steels is known to provide superior corrosion 
resistance due to the form ation o f  protective silicon dioxide (S iO i) film s on their surface
The beneficial effects o f  Si ranging from  0.5 to 1.5 w eight percent (w t %) on both the 
room -tem perature tensile properties, and the resistance to environm ental degradations 
have been dem onstrated in a recent investigation conducted by a researcher from  M PL 
H ow ever, no efforts have yet been m ade to study the role o f  Si content on the tensile 
deform ation o f T91 grade steels at tem peratures relevant to the transm utation process. 
This investigation, therefore, is aim ed at evaluating the role o f  Si content, w ithin a 
com parable com position range, on the tensile properties o f  T91 grade steels at 
tem peratures up to 550"C. It should, how ever, be  noted that the presence o f  unusually 
high Si content m ay im pair the ductility o f  the T91 grade steels. Therefore, additions o f 
Si content ranging from 0.5 to 2.0 wt%  to these steels were considered to provide the 
optim um  tensile properties for their efficient utilization in the transm utation process.
It is well know n that p lastic deform ation o f  engineering m etals and alloys under 
tensile loading is associated with the developm ent o f  linear defects such as dislocations. 
For successive deform ation under continued loading, these dislocations have to m ove 
within the m atrix as well as past the grain boundaries. Thus, for gradual plastic 
deform ation, which is com m only characterized by  ductility in term s o f  percent elongation 
(%E1) and percent reduction in area (% RA ), the m ovem ent o f  d islocation has to be 
continued until the m aterial reaches the point o f  instability, w here failure starts with 
necking, prim arily  in ductile materials. H ow ever, at elevated tem peratures, such as the
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operating tem perature range associated w ith the spallation process, it is likely that solute 
elem ents (interstitial/substitutional) m ay diffiise into the m atrix o f  the m aterial, causing 
their eventual precipitation in the vicinity o f  the dislocations and grain boundaries. Such 
incidences can im pede the m ovem ent o f  dislocations, leading to a gradual reduction in 
p lastic strain w ithin a susceptible tem perature regim e, beyond w hich the dislocations, 
once again, becom e free to m ove past the grain boundaries due to greater driving forces 
associated w ith the enhanced diffusivity o f  solute elem ents.
The reduced plastic strain is usually observed in the stress versus strain diagram 
obtained in tensile testing involving a m etallic m aterial o f  interest. The stress-strain 
diagram s m ay often be characterized by the developm ent o f  serrations at certain 
tem peratures, which m ay also be related to the diffusion o f  solute elem ents at those 
tem peratures. The reduced plastic strain and the form ation o f  serrations in the stress- 
strain diagram s are the result o f  a m etallurgical phenom enon, know n as dynam ic strain 
ageing (DSA ). It is appropriate to m ention at this point that the candidate T91 grade 
steels w ith variable Si contents exhibited a sim ilar phenom enon o f  DSA w ithin a 
susceptible tem perature range, show ing both a gradual reduction in failure strain and the 
form ation o f  serrations. Therefore, extensive efforts have been m ade in this investigation 
to develop a fundam ental understanding o f  DSA o f  candidate target containm ent 
m aterials as functions o f the Si content and other m etallurgical variables.
DSA o f  structural m aterials is often influenced by  both tem perature and strain rate 
used in tensile testing. Even though the candidate structural m aterials, nam ely Si- 
containing T91 grade steels, were initially  tested at tem peratures ranging from  am bient to 
550“C under a strain rate o f  5 X lO""* sec"', additional testing was later perform ed
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involving all four alloys both at faster and slow er strain rates at selected tem peratures. 
The selection o f  these testing tem peratures was based on the results o f  initial tensile 
testing, w here the concept o f  DSA was observed in term s o f  reduced failure strain and 
form ation o f  serrations. The perform ance o f  these additional testing was aim ed at 
evaluating the activation energy needed for the diffusion o f  solute elem ents that could 
significantly influence the occurrence o f  DSA phenom enon in the tested m aterials. 
Sim ultaneously, the m agnitudes o f  w ork-hardening index and dislocation density  o f  all 
four alloys w ere calculated as functions o f  the testing tem perature and the Si content. The 
resultant data on the activation energy, w ork-hardening index and dislocation density 
have subsequently  been analyzed in a system atic m anner so that their synergistic effects 
could be incorporated in the developm ent o f  a plausible m echanism  o f  tensile 
deform ation as functions o f  different m etallurgical variables.
The toughness o f  structural m aterials can also play an im portant role in the 
identification and selection o f  suitable m aterials for high tem perature applications such as 
transm utation o f  SNF. Thus, the determ ination o f  both plane-strain fracture toughness 
(K ic) and im pact toughness (CVN ) are essential to evaluate the resistance o f  T91 grade 
steels to failure under tensile and im pact loading in the presence o f  a notch. Further, both 
types o f  testing are capable o f  evaluating the effect o f Si content on the fracture 
characteristics o f  m artensitic alloys tested in this investigation. In view  o f  this rationale, 
the determ inations o f  K ic and CV N have also been pursued in this investigation.
M etallography and fractography o f  the tested specim ens can both p lay  im portant roles 
to reinforce the fundam ental understanding o f  the deform ation m echanism . Therefore, 
analytical tools including optical microscopy, scanning electron m icroscopy and
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transm ission electron m icroscopy have been extensively used to develop a 
com prehensive deform ation m echanism  o f  T91 grade steels as functions o f  m etallurgical 
and experim ental variables. It is anticipated that the overall data generated from  this 
investigation, and their system atic analyses w ill provide significant insight into the 
m echanistic understanding o f  tensile deform ation including failure o f  m artensitic alloys 
such as Fe-C r-M o-N b-V  steels as a function o f  Si content at am bient and elevated 
tem peratures.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
TEST M A TERIA LS A N D  SPECIM ENS
2.1 M aterials
As m entioned in the previous chapter, m odified 9 C r-lM o  steels, also know n as T91 
grade steels, w ere identified to be the prim ary structural m aterials to contain target for 
generation o f  neutrons that could eventually be utilized to activate the transm utation 
process o f  SNF. Since these containm ent m aterials should be capable o f  providing 
adequate corrosion resistance and superior tensile properties at elevated tem peratures, the 
evaluations o f  the T91 grade steels were divided into two m ajor research areas. One area 
was focused on the evaluation o f  the corrosion behavior o f S i-containing T 9 1 grade steels 
at am bient and elevated tem peratures. The resultant experim ental data have recently  been 
presented in a dissertation defended by M aitra Sim ultaneously, extensive efforts have 
been ongoing to perform  m etallurgical characterization o f T91 grade steels containing Si 
ranging from  0.5 to 2.0 w t.%  under conditions relevant to the transm utation process. Si 
w as added to T91 grade steels due to its beneficial effects w ith respect to  both corrosion 
resistance and tensile properties, observed in several recent investigations b4-i6i 
conducted at M P L o f  U N LV .
As opposed to regular 9 C r-lM o  m artensitic steels, the T91 grade steels contain Nb 
and V to enhance their tensile properties and creep-rupture strength at elevated 
tem peratures. In essence, m artensitic stainless steels are the first stainless steel grades that
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were com m ercially  developed containing a relatively  high carbon (0.1-1.2 wt.% ) 
com pared to that o f  other types o f  stainless steels. These m aterials are alloys o f  C and Cr 
having a body-centred-tetragonal (BCT) crystal structures in a hardened state. Due to 
their superior m agnetic properties and high hardenability , these steels have found 
num erous applications including aerospace, general engineering and nuclear pow er 
generating reactors applications. Thus, austenitic stainless steels have been substituted by 
m artensitic alloys. In view  o f  the superior sw elling resistance and excellent thermal 
properties o f  m artensitic alloys, dem onstrated tw enty five years ago in the fast reactor 
research program s, conventional Cr-M o steels having 9-12 w t.%  C r were later added to 
the fusion m aterials program  in m ore recent years. The superior perform ance of  
m artensitic Cr-Mo steels, com pared to that o f  austenitic m aterials, can be attributed to 
their stable m icrostructures, high oxidation and sulphidation resistance, im proved therm al 
conductivity, and low therm al expansion. The am bient tem perature m echanical and 
physical properties o f  T91 grade steels are given in Tables 2-1 and 2-2 
respectively.
Table 2-1 Tensile Properties o f  M odified 9 C r-lM o  Steel
U ltim ate Tensile Strength (UTS) 85 ksi (586 M Pa), m inim um
Y ield Strength (YS) 60 ksi (414 M Pa), m inim um
%  Elongation (%E1) 20, m inim um
%  Reduction in A rea (% RA) 40, m inim um
Hardness 248 H b, m inim um
10
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Table 2-2 Physical Properties o f  M odified 9 C r-lM o  Steel
D ensity 7.6 gm/cc
Them ial Conductivity (k) 27 W .m -'.K  '
E lectrical Resistivity (p) 55x10"^ n .m
M odified  9C r-lM o  steels (T91 grades) are generally available from  prospective 
vendors in the U nited States. How ever, the availability o f  S i-containing T91 grade steels 
is alm ost scarce. In view  o f  this scenario, four experim ental heats o f  T91 grade 
m artensitic steels containing four levels o f Si (0.5, I.O, 1.5, 2.0 w t.% ) were custom - 
m elted at the Tim ken Research Laboratory, Canton, Ohio, using  a vacuum -induction- 
m elting (V IM ) practice. These VIM heats were subsequently processed into rectangular 
bars o f  desired dim ensions using forging and hot-rolling. The hot-ro lled  products were 
then subjected to cold-rolling to reduce their thicknesses. These cold-w orked m aterials 
had significant am ount o f  residual stresses, which could usually  be relieved by 
solutionizing them  at relatively  high tem peratures for specific tim e periods.
For m artensitic m aterials, such as Si-containing T91 grade steels, such thermal 
treatm ent is called austenitizing that was carried out at 1850"F (111 0"C) for 1 hour and 
oil quenched. The purpose o f  quenching was to produce hard but brittle  m artensitic phase 
to achieve the desired strength. How ever, these m aterials are not w orkable to fabricate 
the desired testing specim ens. Therefore, tem pering treatm ent was perform ed to relieve 
these internal stresses and hom ogenize the resultant m icrostructures by heating them  at 
1150T  (6 2 UC) for 1 hour, followed by air-cooling. A  com bination o f  quenching and 
tem pering was necessary to produce fully tem pered and fine-grained m artensitic
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m icrostructure throughout the m atrix o f  the test m aterials w ithout the form ation o f 
retained austenite. The chem ical com positions o f  the Si-containing T91 grade steels, 
incorporated in this investigation, are given in Table 2-3.
Table 2-3 Chem ical C om positions o f  T91 Grade Steels
Heat
No.
Elem ents (wt %)
C M n P S Si Ni Cr Mo A1 V Cb N (ppm ) Fe
2403 .12 .44 .004 ^ 0 3 .48 .30 9.38 1.03 ^ 2 4 .23 .91 57 Bal
2404 .12 .45 .004 ^ 0 3 1.02 .30 9.61 1.03 .025 .24 .89 53 Bal
2405 .11 .45 .004 ^ 0 4 1.55 .31 9.66 1.02 .024 .24 T#5 49 Bal
2406 .11 .45 ^ 0 4 .004 1.88 .31 9.57 1.01 TG9 .24 T #7 30 Bal
Bal: Balance
2.2 Test Specim ens
2.2.1 Tensile Specim en
Sm ooth cylindrical specim ens having 4-inch (101.4 m m ) overall length, 1-inch (25.4 
m m ) gage length and 0.25-inch (6.35 m m ) gage diam eter were m achined from  four heats 
o f  heat-treated T91 grade steel bars in such a w ay that the gage section was parallel to the 
longitudinal rolling direction. A gage length (1) to gage diam eter (d) ratio (1/d) o f  4 was 
m aintained for these specim ens to com ply w ith the size requirem ents o f  the A STM 
D esignation E 8 A pictorial view , and the detailed dim ensions o f  the cylindrical 
specim ens used in tensile testing (am bient and elevated tem peratures) are shown in 
Figure 2-1. These specim ens w ere also used to develop a basic understanding o f  tensile 
deform ation as functions o f temperature and strain rate, w hich usually m anifests as a 
phenom enon o f  dynam ic strain ageing (DSA).
12
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(a) Pictorial View
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(b) D iagram  showing D im ensions 
Figure 2-1 Configuration o f  Sm ooth Cylindrical Specim en
2.2.2 C om pact-T  ension Specim en
The structural m aterials to contain target during the generation o f  neutrons 
contain sub-critical flaws including cracks, w hich m ay slow ly propagate under the 
conditions relevant to the transm utation process. Therefore, significant efforts have been 
m ade to determ ine the fracture toughness (K ,c) o f  all four heats o f  T91 grade steels using 
pre-cracked com pact-tension (CT) specim ens at am bient and elevated tem peratures. For 
evaluation o f  K ,c  values, pre-cracked CT specim ens having 1.25-inches (31.75 m m) 
length, 1.2-mches (30.48 m m ) width and 0.5-inch (12.7 m m ) th ickness (Figure 2-2) were 
used. The m achining o f  these specim ens was perform ed to com ply w ith the size 
requirem ents as prescribed by the ASTM  D esignation E 399-1990 and E 1820-2001.
13
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The intersection o f  the crack starter notch tips with the top and bottom  surfaces o f 
these specim ens w ere m ade equidistant w ithin 0.005W , where W  is the w idth o f  the 
specim en. A root radius o f  0.003-inch (0.25 m m ) was provided for the straight-through 
slot term inating in the V -notch o f  the specim en to facilitate fatigue pre-cracking at low 
stress intensity  levels prior to the determ ination o f  Kic. A w idth to thickness (B) ratio 
(W /B) o f  4 was m aintained during m achining o f  the CT specim ens
(a) Pictorial View
T
(b) D iagram  show ing D im ensions 
Figure 2-2 Configuration o f  CT Specim en
14
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2.2.3 Charpy V-notch Specimen
The structural m aterials to contain the target during the  spallation process m ay 
also be subjected to impact loading. Thus, it is custom ary to evaluate the impact 
resistance o f  the containm ent m aterial at different tem peratures to  estim ate the im pact 
energy and a ductile-to-brittle-transition-tem perature (DBTT). A  conventional m ethod to 
determ ine im pact energy and D B TT is to use notched rectangular specim en having 
configuration shown in Figure 2-3. These specim ens, also know n as the Charpy V-notch 
(CYN ) specim ens, w ere subjected to im pact loading by striking them  with a pendulum  at 
a central location opposite to the notched region. CY N specim ens o f  T91 grade steels 
having 2.164-inches (54.965 m m ) length, 0.394-inch (10 m m ) w idth, 0.315-inch (8 mm) 
thickness and a notch angle o f  45" were m achined in such a w ay that the length o f  these 
specim ens was parallel to the longitudinal ro lling  direction. The dim ensions, shown in
Figure 2-3, com ply w ith the size requirem ents prescribed by the ASTM  D esignation E 23
[22]
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(a) Pictorial V iew
(b) D iagram  showing D im ensions 
Figure 2-3 Configuration o f  CYN Specim en
16
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C H A PT ER  3
EX PER IM EN TA L PR O CED U RES 
This investigation is focused on the evaluation o f  high tem perature m echanical and 
m etallurgical properties o f  four heats o f  T91 grade m artensitic steels containing different 
levels o f  Si. The tensile properties o f  these steels have been determ ined at tem peratures 
ranging from  am bient to 550°C by using an Instron m echanical testing system . The 
evaluation o f  fracture toughness (K ic) using pre-cracked com pact tension (CT) 
specim ens was also perform ed using this equipm ent at am bient tem perature and 300"C. 
Charpy V -notch (CVN) specim ens were used to evaluate the im pact toughness o f  all four 
heats o f  T 9 1 grade steels at tem peratures ranging from  -40°C to 440°C. The 
m etallographic and fractographic evaluations o f  all tested specim ens w ere perform ed by 
using optical m icroscopy and SEM , respectively. The characterization o f  defects due to 
p lastic deform ation, diffusion o f  im purity  elem ents and precipitates resulting  from the 
transform ation o f  phases at elevated tem peratures have been perform ed by TEM . The 
detailed experim ental procedures are described in the follow ing subsections.
3.1 Tensile Testing
The tensile properties including the yield strength (YS), u ltim ate tensile strength 
(UTS), and the ductility in term s o f  percent elongation (%E1) and percent reduction in
17
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area (% R A ) w ere evaluated using an Instron m odel 8862 equipm ent. Sm ooth cylindrical 
specim ens w ere initially  loaded in tension at a strain rate o f  5 x 10'^ sec"' according to 
the A STM  D esignation E 8-2004. The experim ental data including the load, time, 
extensom eter reading, engineering stress and engineering strain w ere recorded in the data 
file. Three specim ens w ere tested under each experim ental condition, and the average 
values o f  the m easured param eters were recorded. The engineering stress versus 
engineering strain (s-e) diagram s w ere autom atically  generated using  the Bluehill 2 
software program  that enabled the data acquisition during tensile testing. The 
m agnitudes o f  YS, UTS, and %E1 based on the linear variable displacem ent transducers 
(LVD T) m easurem ents at each tem perature, w ere also evaluated using this software. YS 
w as determ ined by the point o f  intersection o f  a line draw n parallel to the linear portion 
o f  the s-e diagram  at a strain offset value equivalent to 0.2%  o f  the strain. Upon 
com pletion o f  testing, the m agnitudes o f  %E1 and % RA were calculated using Equations 
3-1 through 3-4.
% El =
v ~  y
: 1 0 0  ; Lf > Lo Equation 3-1
%RA 100 ; A(, >A| Equation 3-2
A.. = Equation 3-3 
Equation 3-4
W here, A q = Initial cross sectional area (inch )
18
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A| = Cross sectional area at failure (inch^)
Lo= Initial overall length (inch.)
L( = Final overall length (inch.)
Lg =  Initial gage length (inch.)
Do= Initial gage diam eter (inch.)
D f=  Final gage diam eter (inch.)
The Instron testing m achine, shown in Figure 3-1, had an axial load transducer 
capacity o f  22.5 kip (100 kN). It had a single screw  electrom echanical top actuator that 
was developed for static and quasi-dynam ic cyclic testing at slow  speed. This equipm ent 
consisted o f  a large heavy-duty load fram e w ith an adjustable crosshead attached to the 
top grip, and a m ovable actuator with another grip at the bottom  to enable loading and 
unloading o f  the test specim en. The axial m otion was controlled by force, displacem ent, 
or an external signal from the strain gage. The specim en was m ounted betw een the two 
grips and pulled by the m ovable actuator. The load cell m easured the applied force on the 
tensile specim en. The m ovem ent o f  the upper crosshead relative to the low er one 
m easured the strain w ithin the specim en. The key specifications o f  the Instron equipm ent 
are given in Table 3-1.
19
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Figure 3-] Instron Testing M achine
Table 3-1 Specifications o f  Instron M odel 8862 System
Load Capacity, 
kN
Total A ctuator 
Stroke, 
mm
M axim um  
Ram p Rate, 
m m /m in
A ctuator
A ttachm ent
Threads
Load Cell 
A ttachm ent 
Threads
1 0 0 1 0 0 350 ÏH30 X 2 h430 x 2
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A split furnace (m odel M D S1735A ) w as attached to the Instron unit for heating the 
cylindrical test specim ens at the desired tem peratures in the presence o f  nitrogen. This 
furnace was capable o f  sustaining a m axim um  tem perature o f  1500°C, and consisted of 
tw o w ater-cooled stainless steel jackets that provided a safe ergonom ic outer surface for 
operation. Tw o layers o f  m icro-pores and ceram ic fibers w ere p laced inside this furnace. 
Six U -shaped m olybdenum  disilicide heating elem ents were used for attaining the desired 
testing tem perature. The desired tem perature during straining w as m onitored by three B- 
type therm ocouples contained inside the test cham ber. A separate control panel (model 
C U 6 6 6 F) was used to perform  the overall m onitoring o f  tem perature during tensile 
loading. A m axim um  heating rate o f  10°C per m inute could be achieved by this control 
panel. How ever, a slow  heating rate o f  4°C  per m inute was used during testing to prevent 
any therm al shock o f  the pull rods and the fixtures inside the furnace. Since the grip 
m aterial could undergo plastic deform ation and phase transform ation at elevated 
tem peratures during straining o f  the specim en, a pair o f  custom -m ade grips m ade o f  high 
strength and tem perature resistant M arM  246 alloy was used to hold the tensile specim en 
in an aligned position. A positive pressure was m aintained inside the heating cham ber by 
continuously purging nitrogen through it, w hich also ensured the elim ination o f  oxygen 
from the test cham ber, thereby preventing surface contam ination o f  the specim en.
3.1.1 D islocation D ensity  Calculation
D islocation density (p) w as com puted from  the TEM  m icrographs o f  the tested tensile 
specim ens to evaluate the DSA  effect at four different tem peratures (RT, 300, 400 and 
550°C) at a strain rate o f  5  x 10"  ^ sec"'. The m agnitude o f p w as determ ined by the line 
intersection m ethod based on the superim position o f  a grid o f  horizontal and vertical test
21
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lines on the TEM  m icrographs containing dislocations, as show n in Figure 3-2. The 
grid was p laced in m ultiple locations so as to determ ine the average value o f  p based on a 
large value o f  intersection with TEM  m icrographs. The p value was calculated using 
Equation 3-5. The average thickness (t) o f  the sam ple was m easured using electron 
energy loss spectroscopy (EELS) technique available in the TEM . EELS was used to 
m easure the thickness o f  the sam ples at different locations using  Equation 3-6. An 
exam ple o f  the local thickness calculation using EELS is illustrated in Figure 3-3, 
showing thickness calculations at six different locations o f  a tested specim en.
Figure 3-2 D islocation D ensity  Calculation by  Line Intersection M ethod
P = +  -
E 4  E ^ ,
Equation 3-5
t = E ln(lt/Io) Equation 3-6
W here, = N um ber o f  intersections o f  vertical test lines w ith dislocations
22
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= N um ber o f  intersections o f  horizontal test lines w ith dislocations
, = Total length o f  vertical test lines (m eters)
= Total length o f  horizontal test lines (m eters)
À = m ean free path (calculated using an online softw are 
It =  total in tensity  reaching the spectrom eter 
lo = zero-loss intensity reaching the spectrom eter
3-3 EELS M easurem ent to Com pute A verage Thickness
3.1.2 A ctivation E nergy Calculation
As m entioned in C hapter 1, the phenom enon o f  dynam ic strain ageing (DSA) 
show ing reduced failure strain and serrations w ithin certain tem perature regim es, is a 
function o f  both tem perature and strain rate. The gradual reduction in failure strain (e,) 
w as observed at the initially applied strain rate o f  5 x 10""* sec '. In order to study the 
effect o f  strain rate on the DSA  behavior o f  all four heats o f  S i-contam ing T91 grade
23
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Steel, testing w as perform ed at three additional strain rates o f  10"^, 10'^ and 10"'' sec"' at 
selected tem peratures o f  200, 300 and 400°C  that fell w ithin the susceptible tem perature 
range, w here the DSA  phenom enon was observed. Even though the m agnitude o f  efw as 
m inim um  at 400°C , serration in the s-e diagram  was m ost prom inent at 300°C. A t least 
duplicate testing was perform ed at each o f  these strain rates.
It is w ell-know n that the occurrence o f  DSA  is the result o f  the diffusion o f 
interstitial and substitutional solute elem ents into the m atrix o f  a susceptible material. 
Since diffusion is a therm ally-activated process, the determ ination o f  the activation 
energy (Q) based on the testing tem peratures seem s appropriate to develop a fundam ental 
understanding o f  the m echanism  o f  plastic deform ation o f  alloys o f  interest. Further, it is 
well established F5-37,39,4oj the critical true plastic strain ) to initiate the form ation
o f  serrations is a function o f  both the tem perature and true strain rate ( £■ ) according to the 
Equation 3-7.
^ (»H/j) _  e x p E q u a t i o n  3-7
W here, Q = A ctivation energy at the onset o f  serrations (K J/m ole)
R = Universal gas constant (8.3144 J/m ole K)
T = A bsolute tem perature (K)
m , (3 = Exponents related to the variation o f  vacancy concentration (Cy)
and m obile dislocation density (pm)
K = Constant
24
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It has been postulated that Cy and pm can be related to the true strain ( s )  
according to the em pirical relationships, given by Equations 3-8 and 3-9. T he m agnitude 
o f  Q can be determ ined by a m ethod based on the application o f  Equation 3-7, in
w hich the natural logarithm  o f  is plotted as a function o f  1/T at a constant s  , thus 
giving a straight line having a slope o f  [Q/R(m+P)], as shown in the m odified  expression 
given by  Equation 3-8.
Cv oc £■ Equation 3-8
Pm oc Equation 3-9
Taking natural logarithm  (In) on both sides o f  Equation 3-7, Equation 3-10 can be 
developed that represents a straight line in the form  o f  y = A x + B, w here A  is the slope 
o f  the straight line given by [Q/R(m-i-(3)]. Equation 3-7 can be rearranged as Equation 3-
1 1 , w hich also represents a straight line w ith a slope o f  (m-H(3) when In £ is plotted as a 
function o f  In at a constant T. Taking the value o f  (m  + y6 ) , the m agnitude o f  Q can be 
determ ined from  the slope [Q/R(m+P)] o f  the straight line represented by  Equation 3-10.
In = In K  £ exp
or, (m  + /?)ln £,. = In A" + In f + | -----
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or. In = Q • X — h
In £■ = (m + /?)ln In AT + g_
R T
Equation 3-10
Equation 3-11
3.1.3 Com putation o f  Strain-H ardening Exponent
M etallic m aterials can experience w ork hardening resulting from  dynam ic loading 
beyond the elastic limit. ' The extent o f  work hardening, com m only expressed as strain 
hardening exponent (n), is know n to be related to both the true stress and true strain by
Equation 3-12. 141, 42] This equation is also know n as the H ollom on relationship. [4 3 ,44]
U nder an ideal condition, the m agnitude o f  n can be determ ined from  the slope o f  a 
straight line obtained by plotting loger vs. log g at a constant tem perature, as given by 
Equation 3-13.
logo = logK + n loge
Equation 3-12 
Equation 3-13
W here, a  = True stress, ksi or M Pa 
£ = True strain
K = Constant, know n as strain hardening (strength) coefficient
26
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3.2 Fracture Toughness Evaluation
The plane-strain fracture toughness (K ,c) o f  T91 grade steels w as determ ined by 
loading CT specim ens under tension in the Instron m odel 8862 testing  unit according to 
A STM  Standard E 399-1990. The CT specim ens w ere pre-cracked up to  a m axim um  
length o f  2 m m  at a stress ratio (R  = Omin/t^max) o f  0.1 at applied  loads below  the 
m ateria l’s yield point using a frequency o f 1 Hz. K ,c  m easurem ents w ere perform ed 
using a fracture toughness softw are program  provided by the Instron Corporation. An 
extensom eter was attached to the CT specim en during straining o f  the CT specim en at a 
rate o f  2 m m  per m inute to determ ine the conditional stress intensity factor (K q) value. 
D epending on the type o f  the test m aterial, tlrree different types o f  load versus 
displacem ent (P-v) curves can be generated, as shown in Figure 3-4.
A
 ^may.
DlSFACEMEm, v 4>-
Figure 3-4 C onventional Types o f  P-v Curves 120]
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Type 1 represents a classical P-v plot for com m on ductile m aterials. 
M etallurgically  speaking, T91 grade steels can usually  be classified as interm ediate 
ductile m aterials. A line OA was draw n tangent to the initial linear portion o f  the 
resultant P-v curves corresponding to all four heats o f  m aterials. A second line OB, 
know n as the 5% secant line, w ith a slope equivalent to 95%  o f  the initial load line, was 
subsequently draw n. The point, at which the load-displacem ent curve intersected the 5% 
secant line was identified as P 5 in this curve. P 5 was taken as the critical or conditional 
load (P q ), which w as then used to calculate Kq using Equation 3-14 The m agnitude 
o f  Kq, determ ined by this m ethod, is com m only taken to be a valid  K ,c if  the 
relationships given by Equations 3-16, 3-17 and 3-18 are satisfied.
A,
./■ Equation 3-14
/
2 - r -
W
a0.886-t4 .64-------13.32
IK I I K ;
a + 14.72
a
W
5.6
W
/
w
Equation 3-15
0.45 < —  <0.55
W
Equation 3-16 
Equation 3-17
a ,A ,( lK - a ) > 2 .5
K.
Equation 3-18
W here, B = Specim en thickness (mm ) 
a =  Crack length (m m )
W = Specim en w idth (mm)
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/  —  = A dim ensionless function o f  a/W , also know n as geom etric factor,
determ ined using Equation 3-17.
Pmax = M axim um  load 
ayç; = Y ield strength o f  the test m aterial
3.3 Im pact Toughness Evaluation
The resistance o f  a m aterial to plastic deform ation can be significantly  influenced 
by the presence o f  im perfections such as cracks or notches. The presence o f  such 
im perfections in a structural m aterial can im pair the load bearing capabilities due to the 
generation o f  triaxial stresses in the vicinity o f  either cracks or notches. One w ay o f 
evaluating the fracture toughness o f  a notched m aterial is to strike it from  the opposite 
end with an im pact loading so as to cause its failure in a pre-m ature m anner. A notched 
rectangular specim en, shown in previous chapter is com m only used to determ ine the 
im pact toughness in term s o f  energy absorbed prior to fracture due to the application o f 
an im pact load at a very high strain rate using a pendulum . In general, m edium  and low 
strength fee m aterials and m ost hep m etals and alloys posses superior im pact toughness 
even in the presence o f  a notch. On the contrary, high strength  m aterials are very 
susceptible to brittle failure due to im pact loading at all operating tem peratures. However, 
the extent o f  failure with all engineering m aterials is m ore pronounced at lower 
tem peratures, approaching cryogenic conditions. Thus, engineering m aterials can exhibit 
notch tough to notch brittle behavior with reducing tem perature beyond a critical value 
know n as the ductile-to-brittle-transition-tem perature (DBTT).
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The low er the m agnitude o f  D BTT, the greater is the im pact toughness o f  a 
m aterial o f  interest. The precise determ ination o f  DBTT is very  difficult. U sually, the 
im pact energy o f  a m aterial is determ ined as a function o f  tem perature ranging from  very 
low to appreciably h igh tem perature. A  typical im pact energy versus tem perature plot is 
illustrated in Figure 3-5, from w hich the m agnitude o f  transition tem perature based on 
different criteria can be established. Low er values o f  impact energy signify brittleness o f 
a m aterial. On the other hand, the low est possible critical tem perature is an indication o f 
greater toughness.
The shape o f  the typical energy absorbed (Cy) versus tem perature curve 
(Figure 3-5) shows that there are various criteria for defining the transition tem perature. 
The m ost conservative one is to select T ,, corresponding to the upper she lf in fracture 
energy and the temperaUire above which the fracture is 100 percent fibrous. This 
transition tem perature criterion is called the fracture transition plastic  (FTP). The FTP is 
the tem perature at w hich the fracture changes from  totally ductile to substantially  brittle. 
The probability  o f  brittle failure is negligible above the FTP. The use o f  the FTP is very 
conservative and in m any applications it m ay be im practical. A n arbitrary, but less 
conservative criterion is to base the transition tem perature on 50 percent cleavage-50 
percent shear, T]. This is called a fracture-appearance transition tem perature (FATT). 
A nother criterion is to define the transition tem perature as the average o f  the upper and 
low er she lf values, T 3 . A com m on criterion is to define the transition  tem perature T 4 on 
the basis o f  an arbitrary  low value o f  energy absorbed Cy. This is often called the ductility 
transition tem perature. A well defined criterion is to base the transition  tem perature on
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the tem perature at w hich the fracture becom es 100 percent cleavage, T 5 . This point is 
know n as nil ductility tem perature (NDT).
Figure 3-5 Various Criteria o f  Transition Tem perature 1451
The im pact toughness o f  Si-containing T91 grade steels was determ ined in this 
investigation by using an Instron Pendulum  Im pact Tester (SI-1K3 m odel) as shown in 
Figure 3-6. This equipm ent consisted o f a heavy duty steel base on w hich the specim en 
holder (vise) and a heavy pendulum  was m ounted from  a vertical shaft. This shaft was 
supported by  precision ball bearings. A single lever located on top o f  this head assem bly 
perform ed three functions o f  applying brake, releasing the break and placing a latch. 
Prior to im pact loading, the ham m er was placed at a fixed position  follow ed by releasing 
the latch, causing the rupture o f  the specim ens. A n indicator dial attached to this 
equipm ent recorded the absorbed energy in term s o f  either jou les or fcet-pounds. The
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specim ens in the present investigation w ere tested at various tem peratures ranging from 
cryogenic (-40“C) up to 440“C. A cryogenic tem perature was attained by  im m ersing CV N 
specim ens inside an insulated styrofoam  box containing dry ice and denatured alcohol.
Figure 3-6 Charpy Impact Tester
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3.4 M etallographic Evaluations
The m icrostructure plays an im portant role in d ifferentiating properties o f  one alloy 
versus other. Thus, the evaluation o f  the m etallurgical m icrostructure constitutes a 
significant step in characterizing the perform ance o f  a m aterial o f  interest. The 
m etallographic techniques using an optical m icroscope enable the characterization o f 
phases present, their distributions w ithin grains, and their sizes that depend on the 
chemical com position o f  the m aterial, and the therm al treatm ents im parted to it. The 
principle o f  an optical m icroscope is based on the im pingem ent o f  a light source 
perpendicular to the test specim en. The light rays pass through the system  o f  condensing 
lenses and the shutters up to the half-penetrating m irror. This brings the light rays 
through the objective to the surface o f  the specim en. Light rays are reflected o ff  the 
surface o f  the sam ple, which then return to the objective, w here they are gathered and 
focused to form  the prim ary image. This im age is then projected  to the m agnifying 
system o f  the eyepiece. The contrast observed under the m icroscope results from  either 
an inherent difference in intensity or w avelength o f  the light absorption characteristics o f 
the phases present. It m ay also be induced by preferential staining or attack o f  the surface 
by etching w ith a chem ical reagent.
The test specim ens o f  T91 grade steels w ere sectioned and subsequently  m ounted 
using the standard m etallographic techniques, follow ed by polishing and etching to reveal 
the m icrostructures. The etchant used was “B eraha’s R eagent” that consisted o f  3 grams 
o f  K 2 S2 O 3 and 10 gram s o f  N a 2 S2 0 ] in 100 ml o f  H 2 O. The polished and etched 
specim ens w ere then subjected to their m icrostructural evaluation using a Leica optical 
m icroscope, show n in Figure 3-7. This m icroscope had a m axim um  m agnification o f
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lOOOX. A digital cam era with a resolution o f  1 m ega pixel enabled im age capture on a 
com puter screen utilizing a Leiea software.
Figure 3-7 Leica Optical M icroscope
3.5 Fractographic Evaluations
The extent and m orphology o f  failure o f  the tested specim ens w ere detem iined 
using Jeol-5600 scanning electron m icroscope (SEM ). A nalyses o f  failures in m etals and 
alloys involve identification o f  the type o f  failure. The test specim ens w ere sectioned into 
1/2 to 3/4 o f  an inch in length to accom m odate them  in a vacuum  cham ber o f  the SEM. 
Failures can usually  be classified into tw o types including ductile and brittle. D im pled 
m icrostructure is a characteristic o f  ductile failure. Brittle failure can be o f  tw o types, 
intergranular and transgranular. An intergranular brittle failure is characterized by crack
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propagation along the grain boundaries w hile a transgranular failure is characterized by 
craek propagation across the grains.
In SEM evaluations, electrons from  a m etal fdam ent are collected and focused 
sim ilar to light w aves into a narrow  beam. The beam  scans across the subject, which is 
synchronized with a spot on a com puter screen. E lectrons scattered from the subject are 
detected and can create a current, the strength o f  w hich m akes the spot on the com puter 
brighter or darker. This current can create a photograph-like im age with an exceptional 
depth o f  field. M agnifications o f  several thousands could be achieved by use o f  this SEM. 
This SEM was also capable o f  distinguishing different features located at distances 
greater than 50 nm . The sam ple holder could accom m odate m ultiple sizes o f  specim ens 
ranging from  1 to 3.2 cm. H ow ever, the num ber o f  specim ens w as lim ited by their sizes. 
The m orphology at the prim ary fracture surface o f  the tested tensile specim ens, and at the 
ruptured surfaces o f  the CV N specim ens were both  analyzed by  this SEM.
35
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Figure 3-8 Scanning Electron M icroscope
3.6 T ransm ission Electron M icroscopy
TEM  studies w ere conducted to characterize defects including dislocations in the 
tested tensile specim ens using a Tecnai F30 S-TW IN Transm ission Electron 
M icroscope (Figure 3-9). This equipm ent operates w ith as high as 300kV  acceleration 
voltage that allow s a point-to-point resolution o f  0.2 nanom eter. M agnifications up to 
1,000,000 tim es can be achieved w ith this TEM . This system  is fully loaded including 
H A A D F (high angle annular dark field) detector, ED X  (X-ray energy disperse 
spectrom etry), and GIF (Gatan Im age Filter). M ultiple sam ples w ere prepared from each 
tested specim en condition to obtain TEM  m icrographs. The sam ple preparation technique 
is described in details in the next subsection.
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Figure 3-9 Transm ission Electron M icroscope
3.6.1 TEM  Sam ple Preparation
Sam ple preparation for the TEM  study involves a state-of-art technique. To 
ensure electron transparency o f  the sam ple by the TEM  m ethod, the specim en thickness
was m aintained betw een 50-100 nanom eters. This w as achieved through a series o f 
operations, as described below .
• Initially, m ultiple circular disc-shaped sam ples were cut from  the gage length o f 
the failed tensile specim ens up to a thickness o f  500 -700pm , using a precision 
cutter in the M aterials Perform ance L aboratory (M PL).
• Sam ples were then m echanically  ground (Figure 3-10) to about 100-150 pm 
using a grinder in the TEM  Sam ple Preparation Laboratory. This process involved
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two steps; rough-grinding and fine-polishing. Specim en th ickness was m onitored 
periodically  during this process.
• The sam ples w ere then punched into 3m m  diam eter discs, using a disc puncher 
(Figure 3-11).
•  Finally, electro-polishing was done to achieve the desired specim en thickness. A 
tw in-jet TenuPol-5 electro polisher (Figure 3-12) was used for this purpose. This 
process involved rem oval o f  m aterial from  the sam ple surface as well as surface 
finish prior to TEM  observation. The th innest area w as obtained around the 
perforation area. The com position o f  the electrolyte used for the process was 5% 
perchloric acid (HCIO 4 ) in m ethanol (CEI3OH) with an applied potential o f  50V, a 
pum p flow rate o f  12 and a tem perature o f  -6 °C. C are was taken to control the 
flow  o f  electrolyte to prevent the form ation o f  anodic film that could cause 
etching o f  the specim en rather than polishing.
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Figure 3-10 G rinding Accessories Figure 3-11 D isc Puncher
;
Figure 3-12 TenuPol-5 E leetro-polisher
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C H A PT ER  4 
RESU LTS
The plastic deform ation o f  structural m aterials such as m artensitic T91 grade steels 
can be significantly influenced by the type o f  loading, tem perature and strain rate. 
D ifferent types o f  loading including tensile, im pact and cyclic have been applied in this 
investigation to T91 grade steels having four levels o f  Si content for their prospective 
applications as target structural m aterial in the transm utation o f  SNF and HEW . The role 
o f  tem perature and strain rate on plastic deform ation o f  these alloys under tensile testing 
has also been investigated. This section presents the results o f  tensile testing, impact 
testing, and fracture toughness evaluations o f  T91 grade steels as functions o f  different 
m etallurgical and m echanical variables. Further, an in-depth analysis o f  m etallographic 
and fractographic characteristics has been perform ed to develop plausible m echanism s o f 
deform ation o f  these alloys under different loading conditions.
4.1 M icrostructural Evaluation
The optical m icrographs o f  all four heats o f  T91 grade steels are shown in Figures
4-1 through 4-4 using tw o types o f  etchants, nam ely  5 volum e percent nital and B eraha’s 
reagent. The purpose o f  using B eraha’s reagent was to reveal prior austenitic grain 
boundaries m ore prom inently , and to expose the ferrite phases resulting from  thermal 
treatm ents im parted to these alloys. An evaluation o f  these m icrographs exhibits larger
40
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austenitic grain boundaries containing finely-dispersed tem pered m artensitic  phases, and 
ferrites that are identified by  dark globular spots. For m aterials, w here no m icrostructural 
distinctions could be m ade using these etchants, optical m icrographs based  on B eraha’s 
reagent are included in these figures. It should be noted that streaks o f  m artensitic laths 
oriented in different directions, are also visible w ithin finely-dispersed tem pered 
m artensitic structures (Figure 4-2 through 4-4), possib ly  due to the position ing  o f  the 
m etallographic m ounts in directions that were different from original ro lling  direction.
r < i! jf-...........ly .1____I. TV_____A__•♦..1. ' - A.................»■  V
(a) Etchant: 5 volum e % N ital, 500X
(b) Etchant: B eraha’s R eagent, 500X 
Figure 4-1 Optical M icrographs o f  Steel w ith 0.5 w t%  Si
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Figure 4-2 Optical M icrograph o f  Steel with 1.0 w t%  Si, B eraha’s R eagent, 500X
(a) Etchant: 5 volum e % N ital, 500X
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(b) Etchant: B eraha’s Reagent, 500X 
Figure 4-3 Optical M icrographs o f  Steel w ith 1.5 wt%  Si
■ ■ .î4
/  ■
Figure 4-4 Optical M icrograph o f  Steel w ith 2.0 w t%  Si, B eraha’s R eagent, 500X
4.2 T ensile Properties Evaluation
The results o f  tensile testing involving all four S i-containing T91 grade steels, 
perform ed at an engineering strain rate o f  5x10^ sec"', are illustrated in Figures 4-5
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through 4-8 in the fonn  o f  superim posed engineering stress versus engineering strain (s- 
e) diagram s at tem peratures up to 550°C. Even though a m axim um  operating tem perature 
o f  550°C had been recom m ended for efficient generation o f  neutrons using the spallation 
process, the effect o f  other tem peratures including room  tem perature, 150, 300, and 
400“C on the tensile deform ation o f  T91 grade steels has also been investigated. A 
cursory exam ination o f  these s-e diagram s clearly  reveals that, in general, the failure 
strain (e,) was gradually  reduced with an increase in tem perature from  am bient to 400"C. 
Sim ultaneously, a tendency to form  serrations was also observed at som e elevated 
tem peratures, exhibiting its m axim um  propensity  at 300"C.
T91 Grade Steel, 0 .5  wt%SI, Heat No. 2403 A -R T
B -150°C
C -300°C
D -400°C
E-550"C
160-1
1 4 0 -
1 2 0 -
m
^  1 0 0 -
I
(/)O)
6 0 -
0)
0)c’o)
UJ
2 0 -
0 10  15
Engineering Strain, e  (%)
5 20
Figure 4-5 s-e D iagram  vs. Tem perature for 0.5 w t.%  Si Steel
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A -R T
B -150°C
C -300"C
D-400"C
E -550°C
160-5 T91 Grade Steel, 1 wt% Si, Heat No. 2404
140 -
12 0-
(D 100-
O)
8 0 -
60 -
4 0 -
2 0 -
0 10 15 205 25
Engineering Strain, e  (%)
Figure 4-6 s-e D iagram  vs. Tem perature for 1.0 w t.%  Si Steel
A -R T
B -1 5 0 “C
C -300°C
D -400°C
E -550°C
T91 Grade Steel, 1.5 wt%Si, Heat No. 24051 6 0 -
1 4 0 -
w 1 2 0 -
CO
60  -
40  -
2 0 -
15 20 25 30100 5
Engineering Strain, e  {%)
Figure 4-7 s-e D iagram  vs. Tem perature for 1.5 w t.%  Si Steel
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T91 G rade  S te e l ,  2 wt% Si, H eat  No. 2 4 0 61 6 0 -
1 4 0 -
A - R T
B - 1 5 0 ° C
G - 3 0 0 ° C
D - 4 0 0 ° C
E - 5 5 0 ° C
120 -
£  100  -
e s
g  6 0 -
UJ
40  -
20  -
0 5 10 15
Engineer ing  Strain, e  (%)
20 25 30 35
Figure 4-8 s-e D iagram  vs. Tem perature for 2.0 w t.%  Si Steel
The occurrence o f  gradually-reduced failure strain (ec) and the form ation o f 
serrations, observed in the s-e diagram s resulting from tensile loading w ithin specific 
tem perature regim es, are know n to be associated with an interesting m etallurgical 
phenom enon, know n as dynam ic strain ageing (DSA). Since DSA is a therm ally- 
activated process, the diffusion o f  solute elem ents w ithin these tem perature regim es can 
play  an im portant role. For instance, the diffusion o f  either solute or solvent elem ents into 
the m atrix o f  m etallic m aterials and alloys during their tensile deform ation at a 
susceptible tem perature can h inder the m ovem ent o f  dislocations. The generation o f  
dislocations under tensile loading is a general consequence o f  p lastic deform ation, which 
are often classified as linear defects in m etallic m aterials. H ow ever, these defects have to 
undergo m ovem ents through different grains as well as the grain boundaries for plastic
deform ation to continue until failure occurs.
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Since diffusion is a therm ally-activated process, the precipitates will continue 
grow ing larger until they reach a critical size at a specific tem perature, beyond which 
these precipitates will undergo dissolution into the m etal-m atrix due to their enhanced 
solubility at higher tem peratures. The form ation o f  critically-sized precipitate particles 
can im pede the m ovem ent o f  dislocations in and around the m etallic grains and their 
boundaries. Beyond this critical tem perature, the p lasticity  o f  a m etal can be enhanced 
due to reduced resistance to dislocation m otion past the grain boundaries, causing 
enhanced failure strain. Such an explanation can ju stify  the resultant m inim um  Cf value at 
400"C, irrespective o f  the Si content. The relatively  higher e* value at 550“C can also be 
rationalized in a sim ilar manner.
In addition to the deform ation tem peratures, the strain rates used during tensile 
deform ation can influence the m ovem ent o f  dislocations in m aterials susceptible to the 
DSA  phenom enon. Thus, in order to better understand the deform ation m echanism  o f 
m artensitic alloys tested in this investigation that exhibited both reduced ep values and 
serrations w ithin specific tem perature regim es, an evaluation o f  the driving force for such 
incidences is also w arranted. M etallurgically speaking, this driving force is com m only 
expressed as the activation energy (Q), w hich is influenced by both tem perature and 
strain rate. A dditionally, the ease o f  plastic deform ation under tensile loading is often 
characterized by the w ork-hardening index (n) o f  the tested m aterial. In view  o f  these 
rationales, significant efforts have been m ade in this investigation to determ ine the 
m agnitudes o f  dislocation density  (p), Q and n as functions o f  different m etallurgical 
variables that are subsequently  presented in several sub-sections o f  this chapter.
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The different tensile properties including YS, UTS, %E1 and % RA, determ ined 
from the s-e d iagram s and the specim en dim ensions, before and after testing, are given in 
Table 4-1. The variations o f  YS and UTS with tem perature are illustrated  in Figures 4-9 
and 4-10 as a function o f  Si content. A cursory exam ination o f  the data, shown in Figure 
4-9, reveals that the m agnitude o f  YS was gradually  reduced w ith increasing tem perature, 
show ing an insignificant variation in its value due to the difference in Si eontent (0.5 and 
1.0 wt% ). However, there were significant drops in the YS value for steels containing 1.5 
and 2.0 w t.%  Si at tem peratures o f  400 and 550"C. As to the U TS values, even though a 
gradual drop w as observed at tem peratures up to 400"C, a drastic drop in its value was 
observed at 550"C, irrespective o f  the Si content. N evertheless, the extent o f  reduction in 
UTS w as m ore pronounced with steels containing 1.5 and 2.0 w t.%  Si.
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Table 4-1 Tensile Properties at D ifferent Tem peratures
H eat no./Si Testing UTS YS %E1 %RA
Content Temp. (°C) (ksi) (ksi)
RT 147 127 23 6 2 4
2403
(0.5%)
150 134 118 20.8 6 5 2
300 130 113 20 64
400 125 107 1 8 2 62T
550 102 94 2T 5 8T 8
RT 143 125 21 6 5 2
2404
(1.0%)
150 134 118 21 66T
300 127 107 20 6&4
400 124 105 21 66.1
550 98 94 21 6 2 6
RT 148 131 24 684
2405
(T5%^
150 136 118 2 2 9 6 2 4
300 131 113 2T 2 6 6 2
400 125 107 2 0 2 6 5 2
550 83 78 2&4 79
RT 149 131 26 7 6 2
2406
(2.0%)
150 133 119 24 7 2 8
300 130 107 23 71.5
400 129 92 22 71.7
550 77 70 32 83
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Figure 4-9 YS vs. Tem perature
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W ith respect to the ductility  param eters, in general, the m agnitudes o f  %E1 and 
% RA w ere gradually reduced w ith increasing tem perature up to 400“C, follow ed by their 
enhancem ent at 550°C. These data are consistent w ith the observations m ade from the 
superim posed s-e diagram s that exhibited the low est e,- values at 400"C, irrespective o f 
the Si content, due to the occurrence o f  DSA phenom enon. The enhanced ductility in 
term s o f  %E1 and % RA at 550“C observed in Figures 4-11 and 4-12, respectively can 
sim ply be attributed to increased plastic flow at this tem perature, which is also associated 
with a greater dislocation m obility.
- o -  2403 0.5%Si
2404 1.0%Si
2405  1.5%Si 
- V -  2406 2.0% Si
3 2 -
3 0 -
2 8 -
2 6 -
2 0 -
Strain Rate: 5x10"" sec"
1 8 -
6005000 too 200 300 400
Temperature ( C)
Figure 4-11 %E1 vs. Tem perature
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Figure 4-12 % RA vs. Tem perature
4.3 D islocation D ensity Calculation
Irrespective o f  the Si content, the m agnitude o f  Cf in the tested tensile specim ens o f 
T91 grade steels was m inim um  at 400“C, as illustrated in Figures 4-5 through 4-8. As 
explained earlier, the reduced e, value is the result o f  im paired dislocation m obility  in and 
around the gram  boundaries o f  these alloys. Thus, it was essential to calculate the 
dislocation density  (p) in all tested specim ens as a function o f  tem perature at a specific 
strain rate o f  5x10^ sec ''. The average value o f  p corresponding to each testing 
tem perature, calculated through placem ent o f  grids at m ultiple locations o f  the respective 
TEM  m icrographs, as described in C hapter 3, are given in Table 4-2. An evaluation o f 
these data clearly  reveals that the value o f  p was higher at 400“C by an order o f 
m agnitude, com pared to those at other tem peratures.
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Table 4-2 D islocation D ensity  at D ifferent Tem peratures
Tem perature
CC)
D islocation D ensity  (xlO*'' m"'^)
0.5% Si 1.0% Si 1.5% Si 2.0% Si
25 2.5 4.2 5.3 3.6
300 5.3 7.5 8.2 8.4
400 27 36 52 58
550 4.8 8.9 3.6 4.2
It should be noted that the concentration o f  dislocations in the vicinity o f  grain 
boundaries was gradually enhanced with an increase in tem perature from  am bient to 
400"C, as illustrated in Figure 4-13, once again, justify ing  the low est values o f  ep at 
400”C. Such m inim um  values o f  ep can be attributed to the enhanced precipitation o f 
solute particles, thus, blocking the dislocation m ovem ent. Beyond 400"C, the values o f  p 
were once again reduced by an order o f  m agnitude irrespective o f  the Si content. The 
lower value o f  p at 550“C could be attributed to the coarsening o f  precipitates, causing 
sm oother dislocation m otion beyond the grain boundaries. The variations o f  p with 
tem perature are also illustrated in Figure 4-14, show ing a sim ilar pattern.
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Figure 4-13 TEM  M icrographs o f  Steel w ith 1.5 w t%  Si
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Figure 4-14 D islocation D ensity  versus Tem perature
4.4 A ctivation E nergy Calculation
Sm ooth cylindrical specim ens o f  T91 grade steels w ith varied Si content were 
subjected to tensile loading at tem peratures o f  200, 300 and 400"C under strain rates o f 
10’^ , 10'^ and ICf^ sec '. A com bination o f  different tem perature and strain rate was used 
to develop a basic understanding o f  the D SA  phenom enon based on the activation energy 
(Q) needed for the onset o f  serrations in the tested m aterials. The superim posed s-e 
diagram s for each heat o f  T91 grade m aterial at a specific testing tem perature 
corresponding to different strain rates are illustrated in Figures 4-15 through 4-18.
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Figure 4-16 s-e D iagram  vs. Tem perature and Strain Rate for Steel with 1 w t.%  Si
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Figure 4-17 s-e D iagram  vs. Tem perature and Strain Rate for Steel w ith 1.5 w t.%  Si
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Figure 4-18 s-e D iagram  vs. Tem perature and Strain Rate for Steel w ith 2 w t.%  Si
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As indicated in the previous chapter, Equation 3-7 w as used to determ ine the
m agnitude o f  Q. (m+|3) contained in this equation was determ ined from  the p lot o f  In g
versus In Gc corresponding to three tested tem peratures and strain rates, e  and Sc are the
strain rate and critical p lastic  strain, respectively. The variation o f  In e w ith In Gc for all 
four heats o f  T91 grade steels are show n in Figures 4-19 through 4-22 as a function o f 
three tested tem peratures. The m agnitudes o f  (m +p), which represents the slope o f  the 
linear portion o f  these plots for each heat corresponding to different testing tem peratures 
were, thus, determ ined. Sim ilarly, In Gc w as plotted as a function o f  the reciprocal o f  the
testing tem perature (T) corresponding to each strain rate ( g ) ,  as show n in Figures 4-23 
through 4-26. O nce again, a linear relationship was established from  these plots, from 
w hich the m agnitude o f  the slope [Q/R(m+P)] o f  each line w as calculated. By know ing
the average value o f  (m+P) from  the logarithm ic plots o f  In e vs. In Gc (Figures 4-19 
through 4-22), the m agnitude o f  Q was com puted.
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Figure 4-20 Ing  vs. In Gc for Steel with 1 w t.%  Si
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Figure 4-22 I n f  vs. In Gc for Steel w ith 2 w t.%  Si
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Figure 4-23 In 8c vs. 1/T for Steel w ith  0.5 w t.%  Si
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Figure 4-24 In Sc vs. 1/T for Steel w ith 1 w t.%  Si
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Figure 4-25 In 8c vs. 1/T for Steel w ith 1.5 w t.%  Si
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The average values o f  (m+P) and Q corresponding to three tem peratures o f  200, 300 
and 400“C are given in Tables 4-3 through 4-6 for all four heats o f  the tested m aterials. 
A n evaluation o f  the data, show n in these tables, reveals that the average value o f  (m+P) 
was not influenced hy  the variation o f  Si content from  0.5 to 1.5 w t.%  Si. In essence, the 
m agnitude o f  (m+P) ranged betw een 1.73 and 1.78 for these three steels. H ow ever, a 
relatively h igher average value o f  (m+P) was determ ined for T91 grade steel containing 2 
wt.%  Si. It is interesting to note that the average activation energy based on these (m+P) 
values for the T91 grade steel was gradually increased w ith increasing Si content from 
0.5 to 2.0 w t.% . N o system atic eorrelationship o f  Q w ith (m+P) can be established based 
on the resultant data. The effect o f  Si content on Q has not yet been investigated by  any 
other researchers. Thus, the Q values calculated in this investigation could not be 
com pared to any literature data.
Table 4-3 (m+P) and Q values for Steel w ith 0.5 w t.%  Si
Strain Rate, 
s e c '
Tem perature (°C) Average
Q,
K J/m ol
N et
(m+P)
N etQ ,
KJ/m ol
200 300 400
10^ Average*
(m+P) 1.76 IJA 1.73 N /A 1.74 N /A10^
10^
10^ Average*
Q,
kJ/m ole
6A9 64.5 66
N /A 64.410^ 60.1 59A 59.13 60.4
10"^ 66.4 65 6 6 5 3 6 6 3
A verage o f  duplicate testing
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Table 4-4 (m +p) and Q values for Steel w ith 1.0 w t.%  Si
Strain Rate, 
- 1sec
Tem perature (°C) A verage
Q,
K J/m ol
N et
(m +P)
N etQ ,
KJ/m ol
200 300 400
10^
Average*
(m +P)
1.79 1.73 1.80 N /A 1.78 N /A10^
10^
10^ A verage*
Q,
kJ/m ole
7 2 6 7 0 3 73 72
N /A 7T 810^ 7 2 2 70 72.6 71.7
10^ 7 2 3 7 0 3 6 72.9 71.9
* A verage o f  duplieate testing
Table 4-5 (m+P) and Q values for Steel w ith 1.5 w t.%  Si
Strain Rate, 
-1sec
Tem perature ("C) A verage
Q,
K J/m ol
N et
(m+P)
N et Q, 
K J/m ol
200 300 400
10^ A verage*
(m+P) 1.75 133 1.71 N /A 1.73 N /A10^
10"4
10^
A verage* 
Q, kJ/m ole
7 2 8 76.68 7 5 3 7 6 3
N /A 7 9 310^ 8 4 3 82 82 8 2 9
10^ 79.4 7 8 3 77.3 7 8 3
A verage o f  duplicate testing
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Table 4-6 (m +P) and Q values for Steel w ith 2.0 w t.%  Si
Strain 
Rate, sec ''
Tem perature (°C) A verage
Q,
K J/m ol
N et
(m +P)
N et Q, 
KJ/mol
200 300 400
lOM
Average*
(m+P)
2 3 9 2.16 2.14 N /A 2.16 N/A10^
10^
10^
Average*
Q, kJ/m ole
7 8 4 7 2 8 76/7 77.5
N /A 8 0 310^ 8 5 3 84.1 83.2 84
10^ 8 0 3 79.3 78A 79.1
A verage o f  duplieate testing
4.5 Strain H ardening Exponent Calculation
The m agnitudes o f  strain hardening exponent (n), as a function o f  the testing 
tem perature, w ere calculated by converting engineering stress and engineering strain into 
true stress and true strain, and plotting them  on a log-log scale, as shown by  Equation 3- 
13 given in C hapter 3. n in this equation sim ply represents the slope o f  the resultant 
straight line. From  a fundam ental point o f  view , n signifies the ease o f  plastic 
deform ation beyond elasticity  at a specific strain rate. The average values o f  n, calculated 
by this m ethod, are given in Table 4-7 as functions o f  tem perature and Si content. Several 
observations can be m ade from  the calculated values o f  n, given in this table.
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Table 4-7 n versus Tem perature
Si Content, 
w t.%
n
Tem perature (°C)
RT 150 300 400 550
0.5 0.16 0.17 0 3 8 0.1984 0.14
1.0 0.17 0 3 8 0.19 0.2143 0.16
1.5 0.16 0.17 0.18 0 3 8 0 2 0 3 6
2.0 0.17 0.17 0.18 0.1997 0.10
A m ajor observation was that the m agnitude o f  n  was gradually  enhanced with an 
increase in tem perature from  am bient to  400°C, irrespective o f  the  Si content. Secondly, 
at a specific tem perature, the m agnitude o f  n was not significantly  influenced by  the 
variation in Si content. As to the first observation, a gradual enhancem ent in n value can 
be attributed to the greater diffusivity o f  solute elem ents at h igher tem peratures, thus, 
causing enhanced precipitation in the vicinity o f  the grain boundaries. O bviously, larger 
driving forces have to be applied to cause m ovem ent o f  dislocations that w ere surrounded 
by  these precipitates. Interestingly, a sim ilar rationalization has been given earlier to 
explain the m inim um  Cf values observed in the superim posed s-e diagram s at 400“C. 
Thus, it can be construed that the greater driving forces needed to enhance dislocation 
m otion are synonym ous with the resultant increase in w ork-hardening o f  the tested 
m aterials at tem peratures ranging from  am bient to 400"C. A ccordingly, a gradual increase 
in n  value was observed with increasing tem perature (up to 400°C) irrespective o f  the Si 
content.
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Figure 4-27 n vs. Tem perature
The variation o f  n w ith tem perature is illustrated in Figure 4-27, show ing a drastic 
drop in n value at 550"C. These results are consistent in that a greater ductility  in term s o f 
%E1 and % RA  was also observed at this tem perature due to enhanced plastic flow, as 
shown in Figures 4-11 and 4-12. As indicated earlier, the phenom enon o f  DSA can he 
significantly  influenced by both  tem perature and strain rate. Therefore, in order to better 
understand the concept o f  D SA  associated w ith the m artensitic T91 grade steels o f  varied 
Si content, extensive efforts w ere m ade to correlate plasticity  in term s o f  %E1 at three 
selected tem peratures o f  200, 300 and 400“C using strain rates that were either faster or 
slow er relative to the initial strain rate o f  5x10^  sec"’ used in tensile testing. The 
variations o f  %E1 w ith strain rate at 200, 300 and 400“C are illustrated in Figures 4-28, 4- 
29 and 4-30, respectively  on a sem i-logarithm ic p lo t for all four tested m aterials.
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Figure 4-28 %E1 vs. Strain Rate at 200“C
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Figure 4-29 %E1 vs. Strain Rate 
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Figure 4-30 %E1 vs. Strain Rate
Several interesting observations can be m ade from  Figures 4-28 through 4-30,
elucidating the effect o f  Si content on the resultant ductility as a function o f  strain rate at
a specific testing tem perature. F irst o f  all, the ductility  in term s o f  %E1 was gradually
reduced w ith faster strain rate w ith  faster strain rate, irrespective o f  the Si content in the
tested m aterials. A t 200 and 300"C, steels containing gradually  increased Si content
exhibited higher ductility  at strain  rates o f  10"  ^ and 10'^ se c ''. Flowever, at the fastest
strain rate (10^ se c '') , steel contain ing 2 w t.%  Si show ed relatively  low er %E1 values
com pared to those w ith steel containing 1.5 w t.%  Si at both tem peratures. Thus, it
appears that at this strain rate, the presence o f  2 w t.%  Si m ay be detrim ental from the
ductility point o f  v iew  at these tw o tem peratures. A t a strain rate o f  10'^ sec ', T91 grade
steels o f  varied Si content experienced the least failure tim es, leading to reduced plastic
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deform ation independent o f  these tw o testing tem peratures. A t 400“C, the variation o f  
%E1 w ith strain rate w as erratie in nature, as illustrated in F igure 4-30, showing an 
inconsistent pattern on the effect o f  Si content on this ductility  param eter. It should, 
how ever, be noted that the occurrence o f  DSA w as m ost pronounced  at 400“C, showing 
the least ductility in term s o f  Cf. Thus the erratic behavior on the variation o f  %E1 with 
strain rate at this tem perature could be the result o f  m ultiple in teractions am ong variables 
including plasticity, deform ation tim e, and Si content.
4.6 Results o f  Charpy Testing
T91 grade steels are know n to possess superior tensile strength even at elevated 
tem peratures prim arily  due to the presence o f  n iobium  and vanadium , and developm ent 
o f  fine tem pered m artensitic m icrostructure. This investigation w as focused on the 
determ ination o f  the role o f  Si content on the resultant m etallurgical properties. As 
discussed in the previous section, one w ay o f  evaluating the effect o f  Si content on the 
m etallurgical behavior o f  the tested m aterials is to determ ine their susceptibility to 
rupture under im pact loading that can sim ulate an unusually  h igh strain rate during plastic 
deform ation. The tw o im portant m etallurgical param eters that can be evaluated by  impact 
testing  are the energy absorbed (ft-lb) and the ductile-brittle-transition-tem perature 
(D B TT) o f  T91 steels as a function o f  Si content.
The variations o f  im pact energy as a function o f  the testing tem perature are given in 
Table 4-8. Conventionally, im pact testing is perform ed over a range o f  tem perature 
varying from cryogenic to elevated tem peratures. Therefore, T91 grade steels o f  varied Si 
content w ere subjected to im pact loading at tem peratures o f  -40, 25, 75, 125, 230, 340
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and 440"C. Plots o f  im pact energy versus tem perature are illustrated in F igure 4-31 as a 
function o f  the Si content. The resultant data reveal that the energy absorbed in fracturing 
the V -notched C harpy (C V N ) specim ens were substantially low er at tem peratures o f  -40, 
25 and 75“C, as expected due to reduced ductility at relatively low er tem peratures. On the 
contrary, the im pact energy w as gradually enhanced w ith an increase in tem perature up to 
340°C, follow ed by  the form ation o f  a plateau at 440“C. Such type o f  S-shaped im pact 
energy versus tem perature curve is a general consequence for a m ajority  o f  engineering 
m etals and alloys indicating the presence o f  brittle and ductile regions. The portions o f  
these curves show ing low er and upper plateau are com m only term ed as the brittle versus 
ductile im pact energy curve. The portion o f  this curve lying in betw een these two 
plateaus signifies a transition from  brittle-to-ductile m ode o f  failure. The tem perature at 
which such transition occurs is com m only term ed as DBTT. The m agnitude o f  D B TT 
was determ ined by  taking an average value o f  the im pact energy lying betw een the upper 
and lower sh e lf energies, and extrapolating this energy to the tem perature axis.
Table 4-8 Results o f  Charpy Testing
Si Content, 
w t.%
Tem perature, "C DBTT,"
CIm pact Energy, ft-lb
-40 25 75 125 230 340 440
0.5 15 19 27 48 59 62 63 90
1.0 8.5 13 18 38 47.5 49 49 95
1.5 4.5 8 1 2 5 19 31 38 39 140
2.0 3 6 8 13 23 28 30.5 150
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Figure 4-31 Im pact E nergy vs. Tem perature
The m agnitudes o f  DBTT corresponding to different levels o f  Si content in T91 
grade steels are also given in Table 4.8. The variation o f  D B TT w ith Si content is 
illustrated in Figure 4-32, show ing a gradual increase in D B TT w ith increasing Si 
content. A  higher D B TT value signifies a relatively  reduced im pact resistance showing 
greater im pact energy. Thus, it is obvious that the tested m aterials w ith a higher Si 
content w ould undergo brittle failure m ore readily  than those w ith low er Si content. From  
a design point o f  view , it is preferable for a structural m aterial to possess a D B TT as low 
as possible. Therefore, these results clearly  indicate that the presence o f  h igher Si content 
in T91 grade steels w ould be detrim ental from  the m etallurgical perform ance point o f 
view . N evertheless, the overall Charpy data conform  to the conventional m etallurgical 
understanding o f  p lastic deform ation o f  structural m aterials at a high strain rate in terms 
o f  im pact energy DBTT.
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
H
pa
Q
160 -
140 -
120 -
100 -
0.5 1 1.5 2
Si Content (w t.% )
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4.7 Fracture Toughness Evaluation
The m easurem ents o f  plane strain fracture toughness (K ,c) values w ere initially 
perform ed at room  tem perature involving com pact tension (CT) specim ens o f  T91 grade 
steels having 0.5, 1.5, and 2 w eight percent Si. Later, K ic m easurem ents were also 
perform ed at 300°C using CT specim ens o f  sim ilar grades. The load versus displacem ent 
(P-n) curves generated at am bient tem perature and 300“C are illustrated are illustrated in 
Figures 4-33 and 4-34. An exam ination o f  these data reveals that for the steels containing 
0.5 and 1.5 w eight percent Si, P-n curves generated at am bient tem perature w ere very 
sim ilar to type III plot show n in Figure 3-4 in the previous chapter. Type III represents a 
brittle m aterial w ith lim ited plasticity. On the contrary, the steel containing 2 w eight 
percent Si show ed appreciable plastic region beyond elasticity. A t 300”C, P-n curves 
resem bled that o f  type I plot, also shown in Figure 3-4. In essence the type I plot
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correspond to a ductile m aterial. Thus, it appears that the P-u curves at 300°C m ay be the 
result o f  enhanced p lasticity  at an elevated tem perature, irrespective o f  the Si content.
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Figure 4-33 P-u curves o f  T91 G rade Steels at A m bient Tem perature
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The average values o f  conditional fracture toughness (Kq) determ ined from  these 
experim ents are given in Table 4-9 for Si content o f  0.5, 1.5 and 2.0 w eight percent. It 
should be noted that the ratio o f  m axim um  load to the conditional load (Pmax/Pq) was 
equivalent to 1 for all three grades o f  steels. B ased on the fracture m echanics criteria, Kq 
is considered to be identical to K ic  from  the design point o f  view . Thus, the resultant data 
suggest that the m agnitude o f  K ic  was substantially  h igher for the steel containing 0.5 
w eight percent Si, com pared to those o f  steels w ith greater Si content (68 versus 51 ksi. 
in'^^). K ic  values for m artensitic stainless steels o f  sim ilar chem ical com position have 
been cited to range betw een 60 and 90 ksi.in'^^. Thus, the resultant K ic  value for the 
steel containing 0.5 w eight percent falls w ithin this acceptable range. As to the K ic 
values for the sim ilar grades o f  steels at 300°C, no valid K ic  could be determ ined since 
the m agnitudes o f  Pmax/Pq ratios w ere greater than 1.1, w hich deviates from  the 
acceptable criteria for valid  Kic- It should also be noted that a sim ilar detrim ental effect 
o f  h igher Si content was observed in C harpy testing, w here gradually  reduced im pact 
resistance occurred in term s o f  both absorbed energy and D B TT w ith increasing 
tem perature.
Table 4-9 A verage Kq V alues for D ifferent Si Containing Steel
Si Content, 
w t.%
Specim en
ID ai, mm f(a/w) Pmax,kN Pmax/Pq
A verage Kq
MPam'^ ksi.in*'"^
0.5
1 1272 9.66 20J 1 74.7 68
2 lO j# 7.84 2T9 1
1.5
1 10.96 7.91 16.96 1 554 51.3
2 11.50 8.40 152 1
2.0
1 ICfg 7.77 2578 1.02 5630 51.2
2 11.22 8.14 N/A N/A
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4.8 Fractographic Evaluations
The m orphologies o f  failure at the prim ary fracture surface o f  the tested cylindrical 
specim ens under tensile loading, analyzed by  SEM , are illustrated  in Figures 4-35 
through 4-38. An exam ination o f  these m icrographs clearly  reveals that steels containing 
0.5, 1.0, and 1.5 w t.%  Si suffered from  brittle failures at tem peratures ranging from 
am bient to 300°C. A com bination o f  intergranular and cleavage failure w as observed at 
room  tem perature for all three alloys. How ever, at 150 and 300°C , the failures were 
characterized by  intergranular cracking and dim ples. A s to the fraeture m orphologies at 
550°C, all three alloys exhibited dim pled m icrostructures indicating ductile failures, the 
size o f  dim ples gradually  becom ing larger w ith the higher Si content. Except at room 
tem perature and 150°C, the steel containing 2 w t.%  Si exhibited predom inantly  dim pled 
m icrostructures w ith  a greater concentration o f  m icro-voids at h igher tem peratures. This 
observation is consistent w ith the tensile data o f  2 w t.%  Si- containing steels, presented in 
the previous section.
/ N
• V
(a )R T  (b )1 5 0 °C
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Figure 4-35 SEM  M icrographs o f  Steel with 0.5 w t.%  Si (Tensile Specim ens)
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Figure 4-38 SEM  M icrographs o f  Steel w ith 2 w t.%  Si (Tensile Specim ens)
The SEM  m icrographs o f  the fractured surfaces o f  CV N specim ens o f  steel with 
varied Si content are illustrated in Figures 4-39 through 4-42. A n evaluation o f  these 
m icrographs reveals that all four alloys exhibited brittle  failures characterized by 
cleavage and intergranular cracking . Sim ultaneously the presence o f  dim ples was also 
noted in all m icrographs. H ow ever, in general, larger dim ples w ere seen in the steel 
containing 2 w t.%  Si, especially  at 340°C, as shown in Figure 4-42(c).
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Figure 4-39 SEM  M icrographs o f  Steel w ith 0.5 w t.%  Si (C V N  Specim ens)
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Figure 4-40 SEM  M icrographs o f  Steel w ith 1 w t.%  Si (C V N  Specim ens)
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Figure 4-41 SEM  M icrographs o f  Steel w ith 1.5 w t.%  Si (CV N  Specim ens)
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Figure 4-42 SEM M icrographs o f  Steel w ith 2 w t.%  Si (CV N  Speeim ens)
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C H A PTER  5 
D ISC U SSIO N
The beneficial effect o f  higher Si content (approxim ately  I w t.% ) on both the 
m etallurgical properties and corrosion resistance o f  m artensitic Cr-M o steels had been 
dem onstrated in several investigations perform ed by  researchers at M PL. In view  o f  this 
finding, an extensive investigation was subsequently  pursued to  evaluate the role o f  Si 
content on both the m etallurgical and corrosion perform ance o f  m artensitic T91 grade 
steels for application as target structural m aterials related to the transm utation process. 
The results o f  corrosion studies involving T91 grade steels contain ing 0.5, 1.0, 1.5 and
2.0 w t.%  Si have already been presented in a dissertation prepared  by  M aitra The 
current investigation was prim arily  focused on the evaluation o f  the m etallurgical 
behavior o f  sim ilar grades o f  steels under conditions relevant to the transm utation 
process. The m etallurgical properties studied in this investigation include the tensile 
properties at am bient and elevated tem peratures, im pact resistance at cryogenic and 
elevated tem peratures, and fracture toughness at am bient tem perature and 300°C. The 
characterization o f  the fracture m orphology o f  the tested specim ens has also been 
perform ed using conventional analytical techniques.
The optical m icrographs o f  all four heats o f  steels exhibited  p rio r austenitic grains 
containing finely dispersed tem pered-m artensite, and ferrites, as anticipated in Cr-M o 
steels. The tensile data obtained at a strain rate o f  5x10^ sec ' revealed that the m agnitude
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
o f  failure strain (ec) w as gradually  reduced at tem peratures ranging betw een am bient and 
400°C, irrespective o f  the Si content. Further, the form ation o f  serrations was noted at 
these tem peratures, the extent o f  form ation being m ore pronounced at 300°C. A 
com bination o f  reduced Cf and form ation o f  serrations w ithin specific tem perature 
regim es was attributed to the developm ent o f  a m etallurgical phenom enon, know n as 
dynam ic strain ageing (DSA). The concept o f  D SA  is known to be associated with the 
diffusion o f  either interstitial or substitutional solute elem ents into the m atrix  o f  m etals 
and alloys at susceptible tem perature regim es under the influence o f tensile  loading. 
During such plastic deform ation, the tested m aterials can experience w ork-hardening due 
to the precipitation o f  solute elem ents in the v icinity  o f  im perfections such as dislocations 
that are generated during the deform ation process. Thus, the m obility  o f  dislocations will 
be significantly  im paired, causing hardening o f  the m atrix that can eventually  lead to 
reduced p lasticity  w ithin a susceptible tem perature regim e, as seen in this investigation. 
Beyond this critical tem perature range, the d iffusivity  o f  the solute elem ents can be 
enhanced, thus, leading to increased ductility, as observed at 550"C.
The occurrence o f  DSA during tensile deform ation can be significantly  influenced by 
both  tem perature and strain rate. Thus, in order to develop a m echanistic understanding 
o f  this phenom enon, tensile testing involving all four heats o f  alloys w as perform ed at 
several tem peratures under three additional strain rates. Since diffusion is a therm ally- 
activated process, an average activation energy (Q) based on these testing w as com puted 
for each heat o f  steel. The results indicate that the m agnitude o f  Q (64-80 K J/m ol) was 
gradually enhanced w ith increasing Si content. A com parative analysis o f  the resultant Q 
values to literature data could not be perform ed due to the lack o f  such inform ation. As to
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the concentration o f  dislocations as a function o f  the testing  tem perature, the m agnitude 
o f  d islocation density  (p) was one order h igher at 400“C com pared to those at other 
tem peratures, once again rationalizing the low est Cf value obtained at this tem perature 
during tensile testing.
The w ork hardening index (n) provides a m easure o f  resistance to plastic deform ation 
under tensile loading based on a relationship betw een true stress and true strain. The 
results indicate that the m agnitude o f  n was gradually  enhanced at tem peratures ranging 
from  am bient to 400“C, followed by a significant drop at 550°C. As indicated earlier, the 
susceptibility  to D SA  o f  all four heats was m ore pronounced at tem peratures o f  300°C 
and 400°C, w here low est Cf values and form ation o f  serrations w ere observed. A t these 
tem peratures, the tested m aterials experienced the m axim um  resistance to plastic 
deform ation due to the precipitation o f  solute elem ents, thus, m inim izing the dislocation 
m obility  w ithin the m atrix and past the grain boundaries. Beyond 400°C, the dislocations 
w ere able to m ove faster due to enhanced p lasticity  at a h igher tem perature. It should be 
noted that a consistent pattern on the effect o f  tem perature on the m easured n values was 
observed, irrespective o f  the Si content.
C lassical im pact energy versus tem perature plots were developed based on im pact 
testing using CV N specim ens. A  m inim um  im pact resistance w as observed w ith T91 
grade steels contain ing 1.5 and 2.0 w t.%  Si in term s o f  both  absorbed energy and DBTT. 
O bviously, the presence o f  higher Si content proved to be detrim ental from  the im pact 
resistance point o f  view. The fracture toughness in term s o f  K q  w as also relatively  low er 
for steels contain ing 1.5 and 2.0 w t.%  Si, suggesting an adverse effect o f  higher Si 
content on the resistance o f  T91 grade steels to failure in the presence o f  a sharp crack.
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As to the fracture m orphology o f  the tested specim ens, a com bination o f  ductile and 
brittle failures w ere observed. The brittle failures w ere characterized by  intergranular 
cracking and cleavage facets. L im ited ductility on the broken surfaces o f  the tested tensile 
specim ens w as characterized by  dim pled m icrostructures. H ow ever, the steel containing 2 
w t.%  Si exhibited larger sized dim ples at 550“C, indicating a relatively  h igher ductility.
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C H A PT ER  6
SUM M ARY A N D  CONCLUSIONS
The role o f  silicon (Si) content on the m etallurgical behavior o f  m artensitic T91 grade 
steels has been studied in this investigation as function o f  different m etallurgical 
variables. The m etallurgical properties investigated include tensile strength and ductility, 
im pact resistance, and fracture toughness o f  these steels containing Si ranging from  0.5 to
2.0 wt.% . The characterization o f  the failure m orphology o f  the tested  specim ens has also 
been perform ed. The resultant data and the key conclusions derived from  this 
investigation are presented below .
>  As expected, the optical m icrographs revealed the form ation o f  fine tem pered 
m artensites w ithin prior austenitic grains. Ferrites w ere also seen in these 
m icrographs due to the presence o f  high chrom ium  content.
>  Irrespective o f  the Si content, all four heats o f  T 9 1 grade steels exhibited 
gradually  reduced failure strain and form ation o f  serrations w ithin a 
tem perature range o f  am bient to 400°C . Such behavior can be attributed to the 
occurrence o f  dynam ic strain ageing (D SA ), w hich is influenced by  both 
tem perature and strain rate used in plastic deform ation under tensile loading.
>  The activation energy associated w ith the diffusion o f  solute elem ents at 
different tem peratures ranged betw een 64 and 80 K J/m ol, as the Si content 
was increased from  0.5 to 2.0 wt.% .
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>  The dislocation density  (p) o f  the tested tensile specim en w as m axim um  at 
400°C , show ing an order o f  m agnitude higher value due to  enhanced 
precipitation o f  solute elem ents in the vicinity o f  d islocations and grain 
boundaries.
>  The m agnitude o f  w ork-hardening index (n) w as gradually  enhanced with 
increasing tem perature up to 400°C , independent o f  the Si content. A 
m axim um  n value at this tem perature is consistent w ith  the low est er value 
associated w ith greater resistance to plastic deform ation due to  reduced 
dislocation m obility.
>  C lassical impact energy versus tem perature curves resulted, show ing upper 
and low er she lf energies. Low er im pact energies and h igher D B TT values 
w ere observed w ith steels containing 1.5 and 2.0 w t.%  Si, suggesting a 
detrim ental effect o f  h igher Si content on the im pact resistance o f  T91 grade 
steels.
>  The fracture toughness (K ic) at am bient tem perature w as also im paired due to 
the presence o f  h igher Si content in the tested m aterials. The crack tip o f  the 
com paet-tension specim ens becam e b lunt at 300°C, leading to invalid K ic 
m easurem ents.
>  Steels containing 0.5, 1.0 and 1.5 w t.%  Si show ed brittle failures characterized 
by  intergranular cracking and cleavage facets, w hen tested under tensile 
loading, at tem peratures ranging from  am bient to 300°C. H ow ever, dim pled 
m icrostructures indicating ductile failures w ere seen w ith the steel containing
2.0 w t.%  Si at all tested tem peratures.
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>  The Charpy v-notch specim ens exhibited a com bination o f  intergranular 
cracking, cleavage failure and dim pled m icrostructures. The extent o f  brittle 
failure was m ore pronounced in the steel containing 2.0 w t.%  Si.
>  The overall data suggest that the presence o f  Si above 1 w t.%  in T91 grade 
steels m ay be detrim ental from  the m echanical perform ance poin t o f  view.
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CH A PTER 7
SU G G ESTED  FU TU R E W O R K  
In view  o f  the invalid K ,c  values obtained at 300°C, it is suggested that additional 
fracture toughness testing be perform ed involving pre-cracked CT specim ens at 
tem peratures low er than 300°C. Further, an in-depth m icrostructural study needs to be 
perform ed to characterize the ferritic phase in the T91 grade steels.
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A PPEN D IX  A
TEN SILE TESTIN G  AT D IFFER EN T STRAIN RA TES
A l. Stress-Strain D iagram s using Cylindrical Specim ens Tested at D ifferent Strain Rates
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A PPEN D IX  B
TEM  M IC RO G RA PH S
B E  TEM  M icrographs for H eat No. 2403 (0.5 w t%  Si) tensile tested at 300°C
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B2. TEM  M icrographs for Heat No. 2403 (0.5 w t%  Si) tensile tested at 550°C
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B3. TEM  M icrographs for H eat No. 2404 (1.0 wt%  Si) tensile  tested at RT
B4. TEM  M icrographs for H eat No. 2404 (1.0 w t%  Si) tensile tested at 300*’C
V
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mB5. TEM  M icrographs for H eat No. 2405 (1.5 w t%  Si) tensile tested at 300“C
I
103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
B6. TEM  M icrographs for H eat No. 2406 (2 w t%  Si) tensile tested at RT
BHM M I
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B7. TEM  M icrographs for H eat No. 2406 (2 w t%  Si) tensile tested at 300“C
/
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B8. T EM  M icrographs for H eat No. 2406 (2 w t%  Si) tensile tested  at 400°C  
I
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B9. TEM  M icrographs for H eat No. 2406 (2 w t%  Si) tensile  tested at 550°C
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A PPEN D IX  C
FR A C TO G R A PH Y
Fractography o f  Tensile Tested Specim ens
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IH eat No. 2405 (1.5%  Si) Tensile Tested at RT
0
H eat No. 2405 (1.5%  Si) Tensile T ested  at 150°C
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A PPEN D IX  D
U N C ER TA IN TY  A N A LY SES OF EX PER IM EN T A L RESU LTS
The param eters like lengths, tim es etc. are d irectly  m easured in any experim ent. The 
instrum ents used to determ ine these m easurem ents m ay  vary  in quality  every tim e they 
are being used. A lso, the param eters that are out o f  control o f  the researcher m ight cause 
undesired variations in these m easurem ents. Efforts w ere taken to repeat all the 
experim ents in order to determ ine an average value. H ow ever, the undesired variations 
m ight have caused variations in the derived results. These variations i f  caused by  the 
m achines used in the experim ents can be reduced by calibrating them  on a tim ely basis. 
H ow ever the variations caused due to hum an errors and environm ental factors cannot be 
avoided. U ncertainty analysis o f  these derived results determ ines the variations/errors in 
them.
A precise m ethod o f  estim ating uncertain ty  in experim ental results has been 
presented by  K line and M cClintock. The m ethod is based on a careful specification o f  the 
uncertainties in the various prim ary experim ental m easurem ents. W hen the plus or m inus 
notation is used to designate the uncertainty, the person m aking this designation is stating 
the degree o f  accuracy w ith which he or she believes the m easurem ent has been made. It 
is notable that this specification is in itse lf uncertain because the experim ent is naturally 
uncertain about the accuracy o f  these m easurem ents. I f  a very  careful
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calibration o f  an instrum ent has been perform ed recently, w ith standards o f  very high 
precision, then  the experim entalist will he justified  in assigning a m uch low er uncertain ty  
to m easurem ents than i f  they w ere perform ed w ith a gage or instrum ent o f  unknow n 
calibration history.
M ost o f  the instrum ents in the M aterials Perform ance Laboratory  (M PL) were 
calibrated on a regular basis by  Bechtel N evada using  standards w ith  very  high precision. 
Thus, it is expected that the resultant data presented in this thesis w ould  have very 
insignificant uncertainty. The uncertainties in the results o f  this investigation are 
calculated by  using the K line and M cC lintock M ethod. The equation used  for this m ethod 
is given below .
W , = - w , +
a;; dR
y
Equation A 1
W here, W r  =  the uncertainty in the results
R  = the given function o f  the independent variables X|, x z ,  x j
R  =  R (X i,X 2 ,  x „)
Wi, W2 ,  Wn = the uncertainty in the independent variables
D .l U ncertain ty  Calculation in Instron Results
The results generated from  the Instron testing equipm ent are stress (o), percentage 
elongation (%E1), and percentage reduction in area (% RA). The stress is based on the 
load (P) and the initial cross-sectional area (A,) o f  the tested specim en. The %E1 is based
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on the change in length (Al) during the testing and the % RA  is based on the initial and 
final cross-sectional areas (Ai and Af). The m agnitude o f  P w as obtained from  the load- 
eell o f  the Instron unit. The values for Al, Ai, and A f w ere caleulated based on 
m easurem ents by a caliper. The uncertainties in load-cell and caliper w ere ±  0.03%  lbs 
and ±  0.001 inch, respectively, obtained from  the calibration. The uncertain ty  in the 
initial notched diam eter was ±  0.001, w hich was provided by  the m anufacturer and the 
uncertainty in the final notched diam eter was ±  0.001 obtained by  using the caliper.
G =  P/Aj Equation A2
D .I .l  Calculation o f  U ncertainty in Stress (Ua)
Ua = U(p, A i)
U /u =  (Uoi)"
U neertainty in load-eell = ± 0.03%  lb
U ncertainty in caliper = ± 0 .0 0 1  inch.
Sam ple calculation:
For yield stress (YS) =  129 ksi
The m easured load (P) = 6321 Ibf
U ncertainty in load (Up) = 6321  x 0.0003
= ± 1.8963
U ncertainty in cross-sectional area (UAi) for the sm ooth tensile specim en:
Initial D iam eter (Di) = 0.2505 inch.
U ncertainty in diam eter (U di) = ±  0.001 inch.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Area (Ai)
tcD,
0.0493 i n c r
dA^ nD.
ÛÜO.. 2
0.393
U ncertainty in area, Ua, =
dAi \2
■Ud ,
= 0.393 X 0.001
= ± 0 .0 0 0 3 9 3
U ncertainty in stress, Ua -
d o
\ 2  [
±
5 c7
\2
-[A,.
cr =
P
E quation A3
d o  1
=  20.284
d o
= -2600716.3866
N ow  provid ing  all the num erical values in Equation A3 obtained from  the calculation, it 
is found that,
Ucr = [(20.284*1.8963)' + (2600716 .3866*0 .000393)']^
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= 1022.81 psi =  ±1.023 ksi 
O ne exam ple o f  the use o f  the uncertain ty  analysis is show n in this section. This can be 
im plem ented to all experim ental results discussed in this dissertation.
D .l .2 Calculation o f  U ncertainty in Percentage E longation (U%Ei)
Sam ple calculation:
Change in length (Al) = 0.233 inch.
G age length (1) = 1 inch.
% E l = y - l G O
U ncertainty in Al (U ai) = ± 0 . 0 0 1  
U ncertainty in %E1 (U%ei),
U%FJ = ■U ai
V (/A/ /
Equation A4
100
ciAZ I
100
Providing all the calculated values in E quation A 4, it is found that.
U%EI (lOO*O.OOl)']z
U%E1 - ± 0 . 1
O ne exam ple o f  the use o f  the uncertain ty  analysis is show n in this section. This can be 
im plem ented to all experim ental results discussed in this dissertation.
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D .l .3 C alculation o f  U ncertainty in Percentage R eduction in A rea (U % ra) 
Sam ple calculation:
For %RA = 60.0%
U ncertainty in initial cross-sectional area (U ai) for the sm ooth specim en: 
Initial D iam eter (Dj) = 0.2505 inch.
U ncertainty in initial diam eter,
(U dO =  ±  0.001 in
A rea (A,) =
tzD:
= 0.0493 inch
dA. nD.
dD..
= 0.393
U ncertainty in initial cross-sectional area.
a,, = dA.
\2
• • U d .
= 0.393 X 0.001
= ±  0.000393
U ncertainty in final cross-sectional area (U ai) for the sm ooth specim en: 
Final D iam eter (Df) = 0.1584 inch.
U ncertainty in final d iam eter (Uor),
= ±  0.001 inch.
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Area (Af)
7iD ,
0.01972 inch"
dAj^ rcDf
=  0.2488
U ncertainty in final cross-sectional area,
Uaj- =
dA j
■Ud f
= 0.2488 X 0.001 
= 0.0002488
U ncertainty in % RA,
U%RA  = • UA: + ------------------------U aV
J
Equation A5
%RA = xlOO
xlOO
100.4,
g.4. A:
= 811.36
g%7L4 100
g/4y A:
=  - 2028.40
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N ow  assigning all the calculated values in Equation A5, it is found that,
=  [(811.36* 0.000393)' + ( -  2028.40 * 0.0002488)'
= 0.597
One exam ple o f  the use o f  the uncertainty analysis is shown in this section. This can be 
im plem ented to  all experim ental results discussed in this dissertation.
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